Abstract. We report on the integration of small-scale optical components into silicon wafers for use in atom chips. We present an on-chip fibre-optic atom detection scheme that can probe clouds with small atom numbers. The fibres can also be used to generate microscopic dipole traps. We describe our most recent results with optical microcavities and show that a sufficiently high finesse can be achieved to enable single-atom detection on an atom chip. The key components have been fabricated by etching directly into the atom chip silicon substrate. 
Introduction
Atom chips offer a convenient way to miniaturize experiments in atomic physics [1, 2] . Microstructures on the surface of the chip produce magnetic and/or electric fields, which can be used to confine and manipulate cold alkali atoms near the surface of the chip. Several research groups can now prepare Bose-Einstein condensates (BECs) in microscopic magnetic traps on atom chips. The large field gradients that can be generated near a microstructured surface permit the controlled tunnelling of atoms over micron or sub-micron lengths. This makes the atom chip a natural platform for applications in coherent matter-wave control such as miniaturized atom interferometry [3, 4] , quantum information processing [5] , and the study of lowdimensional quantum gases [6] . Interaction between the cold atoms and the room temperature surface of the atom chip can be detrimental to applications that require the most sensitive control of the atom. For example, thermal fluctuations of the charges in the conducting chip surface produce magnetic field noise. This can relax atomic spin coherences and populations, thereby destroying the quantum coherence of the atoms [7] [8] [9] [10] [11] . Furthermore, microscopic imperfections in the materials of the atom chip can cause roughness in the trapping potential, leading in extreme cases to fragmentation of the atom clouds [12] [13] [14] [15] . These phenomena are now well understood, and their consequences can be minimised by careful consideration of the chip design. As an example, very recent results from experiments with atom chips based on permanently magnetised a e-mail: stefan.eriksson@imperial.ac.uk patterns on videotape show that the spin-flip-induced loss rate is substantially decreased due to the reduced thickness of conducting material on the chip [16, 17] . Further improvement is expected by using even thinner multilayered films [18] . Refinement of fabrication techniques for current carrying wires is also in progress.
With this new understanding and control over atomsurface interactions it is becoming possible to manipulate the quantum states of a few atoms in very tight traps only a few micrometres from the surface of an atom chip. This raises the crucial question of how to detect a few atoms close to the chip. Hitherto, the standard method for probing clouds of trapped atoms has been by absorption imaging or fluorescence detection. The laser light is typically delivered to the chip by external mirrors and lenses. This technique becomes increasingly difficult to utilise as the atom-surface distance becomes small and when the cloud contains very few atoms. Moreover, it is difficult to address individual atoms in this way. Any attempt at constructing a large-scale quantum information processor based on trapped neutral atoms would greatly benefit from a simple detection scheme able to sense a single atom and having high spatial resolution. It is therefore desirable to devise new on-chip detection schemes.
In this paper, we report on our recent efforts towards integrating micro-optical mirrors and fibres into atom chips based on silicon. These components enable us to tailor light fields on the micrometre size-scale, which is commensurate with the relevant trap sizes. Such light fields are well suited for probing a small part of a large atom cloud, or alternatively, for sensing small groups of atoms The European Physical Journal D or single atoms. Some of these components are manufactured as an integral part of the silicon wafer surface and can be used to detect atoms within a few microns from the surface. Control of light fields on this scale also opens up entirely new possibilities for manipulating atoms in microscopic traps.
We have chosen to work with atom chips fabricated on silicon wafers because this material is well understood and many fabrication techniques are already well established. We have been working on a number of devices that use patterns etched into the silicon wafer. Here, we introduce two of them. (i) An atom detector based on a pair of optical fibres mounted in a v-groove etched on the chip wafer. Each fibre can be used to shine light into the other across a small gap where atoms may be placed. A few (5-10) atoms in the gap can then be detected, either through the phase shift of the light if it is off-resonant, or through the absorption of near-resonant light [19] . The fibres can also be used to generate a one-dimensional standing wave pattern, making an optical lattice of ∼100 anti-nodes in which the atoms can be manipulated by the optical dipole force. (ii) We describe a plano-concave optical microcavity where the concave mirror is formed on an etched spherical indentation in the silicon wafer itself. The other mirror is attached to the end of an optical fibre, which acts as the input/output port for light. This permits on-chip single atom detection.
In the next section we describe a typical silicon atom chip into which these structures are being integrated. Section 3 deals with incorporating optical fibres for on-chip detection of small atom clouds. In Section 4 we describe optical microcavities that are suitable for single atom detection. We conclude with a summary in Section 5.
The magnetic trap atom chip
The silicon chip that we are currently using manipulates the atoms with magnetic fields generated by current carrying wires. The silicon substrate is covered with a 0.6 µm thick insulating layer of SiO 2 . This in turn is covered by a thin Cr adhesion layer and a 5.5 µm layer of Au, both deposited by sputtering. This provides a reflective surface for laser light that is used to collect and cool 87 Rb atoms in a magneto-optical trap (MOT) in a standard mirror-MOT arrangement. The current-carrying wires are defined lithographically by etching narrow trenches in the Au and Cr layers, a fabrication process that has been described in detail elsewhere [20] .
An image of the chip taken before it was mounted in the vacuum chamber can be seen in Figure 1 . On the chip, four independent wires trace out a Z-shaped pattern. When current flows through the wire in the presence of a uniform bias field a Ioffe-Pritchard trap for weak field seeking atoms is formed in the middle of the 7 mm long central section of the Z [21] . A microscope image of the central section is shown in the inset of Figure 1 . In this part of the chip, there are four parallel wires. The two inner wires are 33 µm wide, while the outer pair have a width of 85 µm. The centre-to-centre distances are 83 µm and 300 µm for the thin and thick wire pairs respectively. The chip has two additional 'end-wires' which run orthogonal to the centre section. These wires can be used to provide additional trap depth, or alternatively to shift the magnetic trap along the Z-wires.
The chip is mounted on a stainless steel base plate, which is in good thermal contact with the vacuum flange. The high thermal conductivity of silicon is a useful feature of this particular chip (for a review of the properties of common materials that are used to manufacture atom chips, the reader should consult Ref. [22] ). In ultra-high vacuum, the two inner wires can each carry currents up to 1.7 A for one second with only a few degrees increase in temperature. The corresponding current limit for the outer Z-wires is 2.5 A, whilst for the end-wires it is 8.0 A. With all wires at these currents, a magnetic trap 1 mm from the chip surface has a trap depth of approximately 1 mK which is sufficient to hold a laser cooled cloud produced in the MOT.
All six wires on the chip can be independently controlled. With the appropriate choice of wire currents and bias fields, the atom cloud can be moved around on the chip and split in various ways. This kind of control over the cloud is essential for many of the experiments that will be performed with the optical components described in the next sections of this paper.
Fibre-optic detection of atoms
In principle, fluorescence could be used to detect small numbers of atoms, but it is difficult to achieve a high collection efficiency and each scattering event heats the atom, whether or not the scattered photon is detected. The alternative is to use a directed light beam, which can be efficiently collected and used to measure the absorption or phase shift due to the atoms. Signal-to-noise arguments show that the latter method is typically preferable, provided the cross-sectional area of the light beam is made small enough [19] . A suitably tight waist can be achieved using a tapered optical fibre, as illustrated in Figure 2a , which has a focal spot at a working distance f from the tip of the fibre. Over most of its length, the fibre we use is a
